A catastrophic accident may be caused for nearby spacecraft due to the damage occurred in C/SiC thermal protection structure. Therefore, it is significant to analyze the damage feature of the ceramic composite structure. Acoustic emission (AE) is an effective non-destructive testing method which is widely used in aerospace industry. However, some key problems should be solved when the AE technology applied to the engineering field. In this paper some propagation characteristics of AE waves in C/SiC plate were investigated based on the finite element method. Firstly, two kinds of AE sources were established by combining plate wave theory and finite element method. Secondly, a novel simulation model was established which included the mechanical characters of C/SiC composite. Then to simulate the AE source, a stepped load and a dipole force is applied to generate the release of power loss. Additionally, the results of simulation are validated through the AE experiment with the analysis method of Choi-Williams transformation. Finally, the attenuation of AE signals propagation in C/SiC plate is discussed. The results of this research work demonstrated that the simulation method of AE waves in C/SiC structure proposed in this paper can be effectively used to study the wave propagation phenomenon
Introduction
Carbon fiber rein-forced silicon carbide (C/SiC) composite materials are favorable for thermo structural components due to their excellent specific mechanical properties, high thermal conductivity and thermo shock resistance. They have been made into several high-temperature (>1300 °C) aerospace applications, such as hot turbine engine components, leading edge applications for hypersonic vehicles, and load-bearing TPS structures for re-entry [1] [2] [3] [4] [5] . One obvious characteristic of the ceramic matrix composites such as C/SiC ceramics, is their brittleness, leading to the structures having almost no energy absorbing capacity. As a result, sudden damage may take place when the C/SiC composite is subjected to external loads even the minor surface cracks or internal defects including micro-cracks and holes. The most typical case is the space shuttle Columbia in February 2003, which broke apart during reentry resulting in loss of 7 crewmembers and the craft. The cause was a breach in the left wing leading edge reinforced carbon-carbon (RCC) thermal protection system initiated by the impact of thermal insulating foam that had separated from the orbiters external fuel tank 81 seconds into the mission's launch [8, 9] .
The proper implementation of C/SiC composite materials in structural applications requires understanding the nature of the various damage mechanisms that are involved and their relation to life expectancy. Therefore, it is necessary to adopt appropriate non-destructive testing method to ensure the safety of spacecraft. Numerous health monitoring techniques have been used for this purpose [10, 11] . The acoustic emission (AE for short) technology is widely used among the structural health monitoring industry. AE is a transient wave resulting from the sudden release of stored energy during a damage process. In composite materials, matrix cracking, fiber failure, interfacial debonding and sliding are possible sources of AE [12] [13] [14] [15] [16] . AE differs from other techniques in that it is based on the analysis of elastic waves that are generated by material damage. The AE technique seems to be a very appropriate tool to detect in situ information about the occurring damage. In the recent past the AE approach has been successfully applied in order to locate and monitor damage evolution in several ceramic matrix composite materials and has proven to correlate individual AE events to specific damage sources [17] [18] [19] . One of the main current challenges in health monitoring of composites is the use of AE in order to identify damage modes [20] [21] [22] [23] . This is based on the assumption that different damage modes generate AE signals with specific features. Because of the highly-dispersive nature of composites, AE signal properties in the time domain are greatly affected by propagation. Current developments thus focus on the use of AE signal frequency content to characterize damage modes. Numerous publications have proposed methods for the identification of damage modes in composites using acoustic emission but they fail to address the effects of propagation characteristic such as energy attenuation on AE signal features and how those may affect the ability to differentiate between damage modes. Additionally, the propagation characteristics of AE wave in C/SiC composite is considerably complex because of the anisotropy and internal structure, which is a main drawback of the AE technique in composite structures damage detection [24] [25] [26] [27] .
The objective of this paper is to characterize the effects of micro structure of plain wave C/SiC composite on AE signal features and to identify the limitations of damage mode identification based on AE signal frequency content. To study the AE propagation in C/SiC composite, the finite element method was used. Firstly, the AE sources are established based on the theory of finite element method and composite. Secondly, the AE wave propagation characters are discussed by using this model, which can reduce the contributions of reflections from the specimen boundaries. Then the attenuation of AE signals propagation in C/SiC plate is discussed. It is showed that the microscopic elastic properties of the AE source have significant influence on the excitation of distinct AE wave modes. The results demonstrate that the application of these methods help support in-flight as well as post-flight impact analysis by identifying failure modes and breakage of fibers from flexural and/or extensional mode AE signals in TPS.
Finite element modeling
Lots of classical elastic wave theory can be found to explain the AE wave propagation characters in composite structures, such as publication contributed by Thompson and Haskell [28, 29] . But some problems of the numerical simulation should be overcome. In reference [30, 31] those research results can be obtained. Besides, Kundu used the finite element to predict the AE wave propagation in composite [31] . The finite element method owns some advantages when it is compared to the numerical approach. With the review of the theory of finite element method, the AE wave propagation can be calculated by the strain-stress relationship. Some finite element software package such as ABAQUS can be well used to simulate AE wave propagation based on the theory of virtual work [38] [39] [40] [41] [42] .
FE model of the planar C/SiC composites
Typical microstructure of a woven C/SiC composite is shown in Fig. 1 , where one of the cross-sectional profile of the warp approximately parallel to the weft direction in the interwoven region has been highlighted. A lenticular-shaped cross-section of the fiber tow is observed, which is a prominent feature. According to the conclusions of reference [1] , the ratio of the major axis to the minor axis of the tow cross section of the C/SiC composites with 1K yarn is approximately 10:1. In order to establish the finite element (FE) model of the two-dimensional woven laminated composite, following assumptions and simplifications should be proposed. (1) The cross-section of the yarn can be considered as a double-sided convex lens with two arc-shaped lenticulars according to the microstructure shown in Fig. 1 . (2) The two orthogonal yarns are formed as interwoven structure, where the fiber is simulated by a straight segment combined with an arc. Based on the above assumptions and simplifications, the two-dimensional woven laminated composite structure can be obtained, as shown in Fig. 2 . The fibers are arranged in accordance with the structure in Fig. 1 , green and yellow fibers are weaved alternately to form a microstructure. The plain woven structure obviously presents periodicity in all directions. Taking the smallest repeatable unit, which is the area marked as A-B-C-D area as shown in Fig. 3 as a single cell, the representative volume element (RVE) of the C/SiC can be established in the ABAQUS software. Firstly, the quarter section of the yarn in the RVE is established, as shown in Fig. 3(a) . Then, the whole yarn model in the RVE is obtained by two mirroring operations as shown in Fig. 3(b) . The matrix model shown in Fig. 3 (c) can be obtained through boolean operations. Finally, the required RVE mode can be obtained by assembling a yarn and the matrix, which is shown in Fig. 3 
Establishment of AE source model
Modeling of AE wave generation and propagation in plate is discussed in the following sections. Various types of input sources can generate wave propagation in a structure. Some of these are, wave propagation due to crack growth, wave propagation due to the excitation by an actuator to study and compare baseline and damaged signals, wave propagation due to a foreign object impact like a bird or a torpedo hit etc. These are step input/impulse input, impact input and a harmonic input of a specific frequency.
Step input models an AE titled as a Hsu-Nielsen AE source in a laboratory environment. To model impact, delamination, or crack propagation, a transient excitation such as a delta or step function is needed. In order to excite an AE signal in the present study, a delta force function is applied (Fig. 4) . In this configuration, a distance of 1 mm was introduced between the two points at each of which a dipole source is embedded. Each of them is capable of generating a force of 1 N. The two points will be located at the appropriate nodes when the FE mesh is generated:
For simulation of different AE sources of the C/SiC composite plates shown in Fig. 5 , the cartesian coordinate system is consistent with the model. Two typical kinds of damage are considered in the simulation work including the breakage of fiber and matrix respectively. 6 shows the AE wave propagation described by the contour of displacement in -plane when the excitation time is set as 50 μs. The direction of the excitation force was presented by the arrows, and the value of the force is 1 N, and the excitation time is 2.5 μs. Fig. 6 summarized the results of AE wave propagation in C/SiC when two different kinds of damages modes were considered. It can be found that the main propagation path is along the fiber layers when the fiber is cracked. 
Position of the AE sources and sensors
The present simulations were performed for rectangular plate specimens with 200 mm×200 mm edge length and 4.5 mm thickness as shown in Fig. 7 . In order to investigate the influence of AE source position on the wave propagation characteristic, different locations in the thickness direction of the plate are used to generate the AE sources. Additionally, in order to gain a better understanding the attenuation effect of the composite material on the wave, four different AE sensors are arranged in a straight line to receive the signals from a same source. The AE sources are distributed in typical positions of the cross-section of the plate in thickness direction, which are the top surface of the matrix, middle section of the upper fiber, surface of the middle matrix and middle section of the bottom fiber. Fig. 7 shows a schematic diagram of the measuring points and acoustic emission sources. The cross point of the -and -axis is assigned as the origin of coordinates. To comprehensively study the performance of this method, four AE sources are excited in different position of the plate. The locations of these AE sources are respectively marked with #1 (100, 50, 0), #2 (100, 50, -1), #3 (100, 50, -2), #4 (100, 50, -3), while the AE sensors are located as s1 (50, 75, 0), s2 (50, 100, 0), #3 (50, 125, 0), #4 (100, 150, 0). The FEM model of the AE wave simulation was shown in the bottom section of Fig. 7.   a) b) Fig. 7 . Simulation of AE-wave propagation in SiC plates Fig. 8 shows the AE wave propagation when is 2.5 μs and the excitation force is 1 N. When the simulation was done, the waveform of the AE signals can be displayed in the form of displacement field. The displacement in direction is the dominant component of the whole result. Besides, it can be found that the energy of wave is higher than wave. To understand this phenomenon more detail, Fig. 8 shows the waveform which contains lots of information. The simulation times are taken as 5 μs, 10 μs, 20 μs, 30 μs, 40 μs, and 60 μs respectively. To the knowledge of the author, the velocity of S0 mode wave is higher than A0 mode wave, which was verified by Fig. 9 and Fig. 10 . This phenomenon can also be found in the publication work written by Hamstad [43] . Several significant conclusions can be drawn by analyzing the AE wave scenes in above.
(1) The typically C/SiC composite microstructure proposed in this paper can be effective used for the research of AE wave propagation. Abundant information about the AE characteristic can be obtained by carrying out the AE simulation. (2) For the C/SiC composite the behaviors of AE wave in the matrix is much the same as the wave propagating in the fiber. And there are a variety of mode are contained in the AE waves. (3) The AE wave can be well propagating in the woven fibrous structure without gaps in the whole wave field. Besides, the propagation way is not affected by the geometry section of the fiber and the contacting area between the fiber and matrix. 
Experiment on C/SiC plate
To validate the AE simulation, we performed AE tests on a 5 mm thick specimen of C/SiC. One AE sensor was placed on the plate. The pencil lead breaking (PLB) experiment was carried out on a C/SiC plate with the size of 30 mm wide, 150 mm length and 5 mm thick. Signals are recorded by full-waveform AE apparatus of type DS5, which is provided by Beijing Softland Co., Ltd. The sampling frequency in tests is 10 MHz. The pencil lead was broken on the top surface of the C/SiC plate, and the AE signals are generated. The AE sensor is used to pick up the AE signal propagating in the structure. And then the AE signals are amplified by the preamplifier. One computer is used to record those AE signals. With the help of signal processing software, you can display the total AE signal.
During the pencil lead breakage of the experiment, the crackage point was 100 mm away from the detection position. The simulation is carried out with the same configuration which used in the experiment. And the pencil lead breaking experiment was followed the reference [34] . Due to the reason of the excitation mode, the energy of mode wave is much higher than S0 mode, which was decided by the character of the monopole source. The mode wave can be seen clearly in the simulation signals, which was displayed in Fig. 11 . However, the mode wave was not clear in the experiment signals which were caused by the noise, which was shown in Fig. 11 . This phenomenon of AE wave propagation in composite obtained by experiment and finite element method can be seen in some references such as [34, 35, 39] . Therefore, the AE wave behavior can be well investigated by finite element method. Besides, by comparing these two AE signals in time domain, it can be found that some noise was contained in the signals obtained by experiment. However, these two waveforms are similar. Modeling of AE displacement signals can conveniently provide high signal-to-noise ratio modeled data that can be used to develop useful advanced signal processing and analysis techniques, which one could apply to real AE data. This modeling approach compared to working with real AE signals has the huge advantage that for each AE event the researcher knows exactly the source location, source type, source orientation, and source time history of the AE signal. Therefore, the noise was not removed for the original AE signals obtained from the experiment. And also, the role of noise is to illustrate the importance of FEM in AE research field.
Additionally, to visualize the modal composition of the AE signals the Choi-Williams transformation is calculated using the software package AGU-Vallen Wavelet [26] . The signals obtained through FE simulation are transformed and the result is shown in Fig. 12(a) , while the signals of pencil lead broken test is shown in Fig. 12(b) . From these two figures it can be found that at low frequencies the dominance of the asymmetric mode on the surface of the plate is higher when compared to the symmetric mode.
From Fig. 12(a) we can see that the AE signal has trailing train of pulse. Upon analysis of the AE signal, we found that these AE signals consist of two main bands of frequencies, around 20 kHz and 35 kHz (Fig. 12(b) ). Fig. 13 shows the waveforms in time domain of the AE signals tested by the four AE sensors. It can be found that there are time differences among the four sensors since the distance between AE source and the sensors are not the same. In addition, you can clearly see that the amplitude of four acoustic emission signal increases as the propagation distance increases. Fig. 14 displays the energy distribution of the AE signals shown in Fig. 13 . Table 1 shows the comparison area, region 2 intensity, discovery zones 1, 2 energy regions with increasing propagation distance decreases, but the ratio between the two is substantially constant. To make the attention of AE signals propagation in C/SiC plate clearer, the energy ratio results are summarized in Fig. 15 .
As shown in Fig. 15 , the intensity ratio of the two AE sources is attenuated with increasing distance. Besides, the intensity ratio of the AE source in -axis direction is higher than the -axis direction. For the characteristic of attenuation principle, the intensity ratio of the attenuation is substantially the same for both the AE source in -axis direction and -axis direction. But from 100 mm to 140 mm the intensity attenuation ratio of AE signals generated along the -axis is larger than the -axis. The analysis result shows that this phenomenon is caused due to difference between the energy radiation field of AE source along the axis and -axis, which resulting in the sharply attenuation of the energy in region 2 when the propagation distance increases. The results show that although the intensity ratio of these two types of AE sources are all decreased 4.0x10
with increasing distance, these apparent differences in the propagation can be used to distinguish different types of AE sources. 
Conclusions
By analyzing the simulation results of AE wave propagation in C/SiC composite, some conclusions are drawn as following. 1) The typically C/SiC composite microstructure proposed in this paper can be effectively used for the research investigation of AE wave propagation. Abundant information about the AE characteristics can be obtained by carrying out the AE simulation. For the C/SiC composite the behaviors of AE wave in the matrix is much the same as the wave propagating in the fiber. And there are is a variety of modes are contained in the AE waves. The AE wave can be well propagating in the woven fibrous structure without gaps in the whole wave field. Besides, the propagation way is not affected by the geometric section of the fiber and the contacting area between the fiber and matrix. The mode contained in the AE wave propagates in the C/SiC composite with a much higher velocity than the mode does.
2) The AE wave can be well propagating in the woven fibrous structure without gaps in the whole wave field. Besides, the propagation is not affected by the geometric section of the fiber and the contacting area between the fiber and matrix. The mode contained in the AE wave propagates in the C/SiC composite with a much higher velocity than the mode does.
3) The AE signals can be well used to present the failure mechanisms of C/SiC composite. Some significant factors should be considered, such as the excitation times, force direction and force magnitudes. Besides, a systematic variation of the employed model source results in significant changes in the frequency distribution, especially in the case of fiber breakage. Nevertheless, the frequency spectra obtained are dominated by the type of microscopic failure and can be classified accordingly by appropriate frequency based parameters.
